R A C H I A L p l exus injury is usually complex, invo l ving both spinal nerve and spinal root ru p t u re s , t ogether with avulsion of one or seve ral roots fro m the spinal cord. 8 The nerve ru p t u res can be managed acc o rding to routine surgical principles for peri p h e ral nerve i n j u ries with some functional outcome. 1 On the other h a n d, supraganglionic or nerve root injury is considere d a type of central nervous lesion and, hence, not amenabl e to operat ive rep a i r. Experimental evidence from diffe re n t mammals has shown anatomical and functional rege n e ration of motor fi b e rs after coaption of seve red ve n t ra l ro o t s .
On the other h a n d, supraganglionic or nerve root injury is considere d a type of central nervous lesion and, hence, not amenabl e to operat ive rep a i r. Experimental evidence from diffe re n t mammals has shown anatomical and functional rege n e ration of motor fi b e rs after coaption of seve red ve n t ra l ro o t s . 9 R e c e n t ly, in a pri m ate study, it was shown that repair of the intra fo raminal portion of spinal nerves to the b ra chial plexus resulted in adequate rege n e ration with re t u rn of mu s cle function. 4 The re t u rn of function after repair of spinal nerve ro o t s would have considerable clinical potential in the management of bra chial plexus injuries. We there fo re ap p l i e d a proximal surgical strat egy in a patient who suffe re d i n t raspinal ru p t u re of roots to the bra chial plexus. Th e functional outcome after surgical tre atment of the ru p t u re d spinal nerve is described and discussed.
Case Report
This 22-ye a r-old woman was invo l ved in a tra ffic accident and sustained multiple trauma. She had been hit by a b o a rd on the lower right side of the neck .
Examination. P hysical ex a m i n ation revealed that the p atient had a right-sided hemothorax, a crush fra c t u re of the right fi rst ri b, fra c t u res of the right tra n s ve rse pro c e s ses of the C-7 and T-1 ve rt eb rae as well as a bra chial plex u s i n j u ry. The whole plexus was invo l ved in the lesion; there was Horn e r 's syndrome and para lysis of the mu s cles in the right arm innervated by the C7-T1 roots. She could not fl ex or extend the wrist or the fi n ge rs. Th e re was conside rable weakness in shoulder and elbow motion (C5-7). She had no sensation in the ulnar region of the hand and a rm (C8-T1 derm atomes), reduced sensation in the third fi n ge r, but normal sensory function in the two radial fi nge rs (C-6 derm at o m e ) .
Operation. The patient was operated on 8 days after the accident. The proximal portion of the bra chial plexus wa s re a ched through a modified (midline incision) posteri o r s u b s c apular ap p ro a ch . 6 Spinal nerves C5-7 we re in cont i nuity to the interve rt eb ral fo ramen. The C-8 and T-1 n e rves we re torn out from the interve rt eb ral fo ra m i n a . E l e c t rical stimu l ation of the C5-6 spinal nerves yielded a p rompt and vigo rous mu s cle re s p o n s e. No activity could be elicited after stimu l ation of the C7-8 or T-1 spinal n e rves. Stimu l ation of the exposed C5-6 nerves elicited s e n s o ry evo ked potentials, but no response was seen wh e n s t i mu l ating the C7-8 and T-1 nerves. The spinal nerve roots C7-8 and T-1 we re exposed through a posteri o r l a m i n e c t o my. 4 A right-sided hemilaminectomy of C7-T2 incl u d i n g fa c e t e c t o my at C6-7 and C7-T1 revealed that the C-7 roots we re in continu i t y, but that the C-8 and T-1 ro o t s had ru p t u red proximal to the fo ramina (Fi g. 1 l e f t). Seve ral of the fa s c i cles we re avulsed from the spinal cord. The C-8 and T-1 ve n t ral roots we re reconnected to their spinal nerves by sural nerve grafts harvested from the l ower ex t remities by seve ral tra n s ve rse skin incisions. Th e spinal root ru p t u res we re bri d ged using four grafts ap p roxi m at e ly 7 to 8 cm long (Fi g. 1 ri g h t). These we re coap t e d to the proximal ends of the C- 
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ߜ A 22-year-old woman sustained a brachial plexus injury with supraganglionic rupture of the C-8 and T-1 nerve roots as a result of a traffic accident. She was operated on approximately 1 week following the accident. After a hemilaminectomy, the intradural defects in the ruptured roots were bridged with sural nerve grafts. Within 3 years she recovered function in all muscles supplied from the lower roots in the plexus except for the intrinsic hand muscles, but she had a persisting, complete sensory loss in the ulnar nerve distribution. The possibility for functional gain after repair of spinal root lesions in brachial plexus patients is discussed.
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B canal, pulled ve n t ral to the parave rt eb ral mu s cles, and at t a ched to the distal stumps of the ru p t u red roots. Th e position of the grafts was secured by using Tisseal tissue g l u e. Befo re closing the wo u n d, stability in the cerv i c a l spine was tested.
Postoperative Results. Nine months after surge ry a ge ne ra l i zed mu s cle at ro p hy was seen in the right arm. Th e re was a full ra n ge of movement in the shoulder and elbow joints, but the strength in the biceps mu s cle was considerably less compared to the uninjured side. Flexion and extension in the wrist had re t u rned as evidenced by activity in the ex t e n s o rs to the wrist and the radial fl ex o r. No clinical activity was noted in the ulnar wrist fl ex o r. Th e re was no activity in the fi n ger ex t e n s o rs and the ab d u c t o r to the thumb, but slight twitches of fl exion could be noted in the superficialis mu s cles to the second and third fi nge rs. Electro myograp hy showed denervation activity in the ulnar wrist fl ex o r, the fl exor profundus mu s cles to the ulnar fi n ge rs (Fi g. 2a) , as well as the intrinsic mu s cles of the hand. Denervation activity together with occasional vo l u n t a ry activity was seen in the fi n ger ex t e n s o rs. Rei n n e rvation was seen in mu s cles proximal to the elbow. S e n s o ry loss was limited to the area for the ulnar nerve.
Eighteen months after surge ry, strength in wrist ex t e nsion and fl exion had improve d. Muscle activity had ret u rned in the ulnar wrist fl exor as well as in the pro f u n d u s mu s cles to the three ulnar fi n ge rs. Some activity wa s noted in the fi n ger ex t e n s o rs, but not the thumb. Th e re wa s still no activity in the intrinsic hand mu s cles. Elect ro myograp hy showed re i n n e rvation in fo re a rm mu s cl e s , ex c ept for the intrinsic hand mu s cles. Th e re was a total loss of sensibility in the ulnar nerve regi o n .
Two ye a rs after surge ry there was full mu s cle power in the shoulder as well as in elbow fl exion, but somewh at reduced activity in elbow extension. Power in wrist ex t e nsion was reduced and fi n ger extension was weak. Th e re was full power in fi n ger fl ex o rs ex c ept to the fi rst and second fi n ge rs. Th e re was still no intrinsic activity and the s e n s o ry function had not improve d.
Th ree ye a rs after surge ry there was full activity in the s h o u l d e r, elbow, and wrist. Th e re was full power in fl exion of the three ulnar fi n ge rs, but reduced fl exion activ i t y in the index fi n ge r. Electro myograp hy showed re i n n e rvation potentials in the fl exor digi t o rum profundus, the ulnar w rist fl ex o r, and fi n ger extensor mu s cles (Fi g. 2b) . Th e fi n ge rs could not be extended with the wrist in the neutra l position (Fi g. 3) . Sensory activity was absent in the ulnar nerve terri t o ry by both clinical and neuro p hy s i o l ogi c a l t e s t i n g.
Discussion
Functional restitution after coaption of seve red ve n t ra l roots has been rep o rted in seve ral mammals. 9 A dors a l root, when damaged central to its ganglion, rege n e rat e s to the spinal cord but does not enter it. 7 Thus, sensory function will not re appear after root rep a i r. Howeve r, the ve n t ral spinal nerve root, being the fi rst ex t ra m e d u l l a ry p a rt of the spinal cord motor neuron, can be expected to rege n e rate analogous to the peri p h e ral nerve.
This patient sustained a traction injury to the most proximal part of the bra chial plexus, giving rise to a "cl a s s i c " type of injury: partial lesion (neuro p ra x i a -n e u rotmesis) of the upper part of the bra chial plexus and ru p t u res (neurotmesis) of the lower roots (C-8 and T-1). The ex p e c t e d outcome of spontaneous re c ove ry would be re t u rn of function in re l ation to the seve rity of the lesion. Thus, the best function could be expected in proximal mu s cles innervated from the C-5 and C-6 spinal nerves and no functional re c ove ry from lower roots C-8 and T-1 .
As ex p e c t e d, the upper parts of the plexus re c ove re d s p o n t a n e o u s ly to almost full activity within a year after the accident. Howeve r, mu s cles in the fo re a rm, such as ex t rinsic fi n ger fl ex o rs innervated from the rep a i red lowe r roots, also showed a considerable functional improve m e n t after 2 to 3 ye a rs. Muscle power was even gre ater in those mu s cles than in mu s cles innervated from interm e d i ate (C-7) roots, for instance fi n ger ex t e n s o rs. Thus, a ro bust functional improvement had occurred in the fo re a rm mu s cl e s reg u l a rly innervated from the C-8 and T-1 spinal nerve s . Total interruption of neuro muscular connectivity had been d e m o n s t rated by neuro p hy s i o l ogical means in those mu scles and ongoing re i n n e rvation was seen even 3 ye a rs after s u rge ry (see Fi g. 2a).
Some of the mu s cles that have re c ove red function, such as ex t rinsic fi n ger fl ex o rs, are usually considered not to be i n n e rvated from spinal nerves other than C-8 and T-1 . The segmental innervation of individual mu s cles is, howeve r, by no means settled. Va ri ations in the ge n e ral pat t e rn of the plexus, anomalous commu n i c ations between the n e rve roots of adjacent spinal cord segments, and the preand postfi x ation of the plexus make determ i n ation of how mu ch of any improvement can be at t ri buted to surge ry most uncertain. The re c ove ry of function could there fo re ve ry well depend on re i n n e rvation from other, nonrep a i re d s o u rces, such as the C-7 root. The remaining impaire d s e n s o ry function in the ulnar nerve terri t o ry, together with i m p roved mu s cle activity within the region supplied by the lower roots in the plexus, indicates that the repair of the supraganglionic nerve root lesion had an effect on the re c ove ry of motor function.
I n t rinsic hand mu s cles did not re c ove r. This is the usual outcome after repair of more distal lesions, for instance, the medial trunk or the ulnar nerve. The absence of re c ove ry in the intrinsic hand mu s cles is considered to be an e ffect of an unfavo rable time-distance fa c t o r ; 2 , 5 t h at is, too long a distance across wh i ch the nerve fi b e rs mu s t rege n e rat e. E x p e rimental studies in pri m ates have demonstrat e d functional improvements depending on repair of the most p roximal parts of spinal nerve s , 4 as well as of ru p t u re d spinal roots, and even after avulsions from the spinal c o rd. 3 Thus, it has been shown that after a repair in the i n t ra fo raminal part of spinal nerves to the plexus, more or less adequate levels of rege n e ration we re noted thro u g hout the shoulder, arm, and hand mu s cles in pri m at e s . 4 This case, with injuries similar to those described in the p ri m ate ex p e riments, provides a clinical ap p l i c ation of a n ew surgical strat egy to manage proximal spinal nerve or spinal root lesions in bra chial plexus injuries. This surge ry re q u i res laminotomy and fa c e t e c t o my, wh i ch is of some c o n c e rn because of the possible development of secondary scoliosis and/or cervical spinal instab i l i t y. Stabi-lizat i o n of the cervical spine was not perfo rmed in this case after the re m oval of two laminae and two interve rt eb ral joints. No clinical or ra d i o l ogical signs of morbidity occurre d, h oweve r. P revious ex p e rimental studies on surgical tre atments of i n j u ries in the most proximal part of spinal nerves as we l l as spinal nerve roots have produced encouraging results. It has been shown that these lesions in fact are possible to t re at with a functional outcome. The ap p l i c ation of these ex p e rimental strat egies in a human case led to improvement of mu s cle activ i t y, but sensory function re m a i n e d i m p a i re d. These results indicate that the concept that s u p raganglionic lesions are not amenable to surge ry is not valid for ve n t ral root injury. Although the outcome of surgical tre atment for spinal nerve root seve rance in this p atient seems pro m i s i n g, the nat u re of lesions in cl i n i c a l cases is ge n e ra l ly not as discrete and defined as in ex p e rimental situations. The extent to wh i ch the improve m e n t can be at t ri buted to repair ve rsus spontaneous re c ove ry can there fo re be difficult to ap p re c i ate in a single case. A s e ries of patients is needed to accurat e ly define the effe c t of this type of surge ry in humans.
